Abstract. Depth profiles of dissolved nitrous oxide (N20) were measured in the central and western Arabian Sea during four cruises in May and July-August 1995 and May-July 1997 as part of the German contribution to the Arabian Sea Process Study of the Joint Global Ocean Flux Study. The vertical distribution of N20 in the water column on a transect along 65øE showed a characteristic double-peak structure, indicating production of N20 associated with steep oxygen gradients at the top and bottom of the oxygen minimum zone. We propose a general scheme consisting of four ocean compartments to explain the N20 cycling as a result of nitrification and denitrification processes in the water column of the Arabian Sea. We observed a seasonal N20 accumulation at 600-800 m near the shelf break in the western Arabian Sea. We propose that, in the western Arabian Sea, N20 might also be formed during bacterial oxidation of organic matter by the reduction of 103-to I-, indicating that the biogeochemical cycling of N20 in the Arabian Sea during the SW monsoon might be more complex than previously thought. A compilation of sources and sinks of N20 in the Arabian Sea suggested that the N20 budget is reasonably balanced.
Introduction
Nitrous oxide (N20) is an atmospheric trace gas that significantly influences, directly and indirectly, Earth's climate. In the troposphere it acts as a greenhouse gas and in the stratosphere it is the major source for NO radicals, which are involved in one of the main ozone reaction cycles [Prather et al., 1996] . 
Method
Duplicate water samples from various depths were drawn into 100-mL glass flasks from bottles mounted on a rosette water sampler. Flasks with two outlets closed by Teflon valves and one outlet sealed with a silicone rubber septum for headspace sampling (Thermolite ©, Restek GmbH, Germany) were used. The flasks were rinsed twice with at least two flask volumes of seawater prior to bubble-free filling with the seawater sample. Then 50 mL of the sample was replaced with helium and the remaining water phase was poisoned with saturated HgC12 solution (0.2 mL) [Elkins, 1980; Yoshinari, 1976] . Samples were stored at constant room temperature and allowed to equilibrate for at least 2 hours prior to chromatographic analysis. All samples were analyzed within 12 hours after collection. Prior to analysis, the samples were stirred with a magnetic stirrer for 5 min. A 10-mL subsample of the headspace was drawn with a gas-tight glass syringe from the flask and used to purge a thermostated (40øC), 2-mL sample loop connected to a 10-port gas stream selecting valve. Then the valve was switched and the sample was injected with the carrier gas onto the column. N20 was determined using a gas chromatograph (Model 5890 Series II, Hewlett-Packard, California) equipped with an electron capture detector (ECD and x '= x/(P -PH20), where x' is the N20 dry mole fraction, fl is the solubility function [Weiss and Price, 1980] , T is the temperature of the sample at the time of the analysis, S is the salinity, P is the atmospheric pressure at the time of the analysis, R is the gas constant, x is the measured N20 wet mole fraction in the headspace, and PH20 is the water vapor pressure according to Weiss hours. 
Results and Discussion
Some selected stations (Table 1) Comparison of the results from the various studies suggests that the distribution of N20 in the central Arabian Sea is only partly known. Differences in the observed N20 concentrations might result from the different spatial data coverage and/or temporal (i.e., seasonal and interannual) variability in the Arabian Sea (see also the discussion of the AN20-AOU relationships below). Profiles of N20 typically show an accumulation in the OMZ of oceanic subsurface layers, most probably owing to nitrification [Dore et al., 1998 ]. However, when extreme 02 gradients at the boundaries of the OMZ exist, conditions become ideal for enhanced N20 production by nitrification at low 02 concentrations as well as for N20 production by denitrification.
Thus the first N20 peak observed at approximately 150 m in the central Arabian Sea might result from a coupling of both Naqvi and Noronha, 1991] . Recent dual-isotope measurements indicate that denitrification might be the major production pathway for the second N20 peak at the lower boundary of the OMZ in approximately 800-1000 m depth ]. The pronounced N20 depletion in the core of the OMZ results from N20 reduction to N2 during intense denitrification at extremely low 02 concentrations [Naqvi and Noronha, 1991 ]. Thus we conclude that the N20 profiles at the NS transect reflect typical vertical distributions within (>10øN,  Figures 4b-4e) and outside (<10øN, Figure 4f ) the denitrification zone. Our results are in agreement with previously published ideas about the dominating N20 production and consumption processes in the central Arabian Sea.
NWSE Transect
The distribution of dissolved N20 on the NWSE transect appears to be more complex. The shape of the profile from station CAST (Figure 5b ) indicates the characteristic double-peak shape for profiles from the northern part of the NS transect. Going further northwest to station T2 at 16øN, 62øE (Figure 5c ), the typical upper N20 peak at about 150-200 m was only weakly developed. However, following the transect further to the coast, the double-peak structure was again visible at stations T3, T4, and T5 (Figures 5d-5f ). The N20 profile at the shelf break off Thus the observed N20 accumulation is slightly lower than the theoretically predicted N20 production, indicating that the decomposition of organic carbon via the IO3-/I-mechanism might contribute to the N20 production. However, it is very unlikely that almost all organic carbon is converted to N20. More likely a mixture of N20 and more energetically favored products (e.g., N2) will occur. We conclude that there is not yet a satisfactory explanation for the local source of N20 at the shelf break in the western Arabian Sea; neither an inflow event nor enhanced N20 production via denitrification or other mechanisms have been substantiated.
AN20-AOU Relationship
As nitrification, is found in a variety of oceanic environments. An overview of previously published AN20-AOU relationships for the Arabian Sea together with those calculated on the basis of our N20 data is presented in Table 2 . In a recent study, UpstillGoddard et al. [1999] showed that a second-order polynomial gave the best statistical fit to their data from the western and central Arabian Sea. We found considerable differences between the various AN20-AOU relationships. Even for data from the same year and season (e.g., July-August 1995, Table 2 (Table   2 ). Thus we can speculate that nitrification is still the main pathway for N20 production, but it might be balanced by subsequent N20 reduction via denitrification as proposed by Kim and Craig [ 1990] .
N20 Budget for the Arabian Sea
To obtain knowledge of the N20 production in the Arabian Sea, we estimated N20 production for the OMZ affected by denitrification (02 < 0.25 mL L -l) ( Table 3) An overall N20 budget for the Arabian Sea based on the data presented here and found in the literature is presented in Table 4 . . N20 values were taken from a profile at 6øN, 65øE (July 1995, M32/5). The N20 concentrations were scaled to the grid points of the GCM (Figure 6a ). Then we calculated for each grid point the mean annual N20 flux. Summing the fluxes yields the net N20 fluxes for each layer (Figure 6b ). The resulting overall net flux sums up to an annual input into the Arabian Sea of about 0.1 Tg N20. The major sink for N20 in the Arabian Sea is its consumption in eastern margin sediments and the major source is the N20 production in the OMZ. Inputs by Red Sea and Persian Gulf waters as well as advective input from the south appear to play only a minor role. The budget from the data in Table 4 seems to be reasonably balanced. However, the magnitude of the sedimentary N20 loss is under debate. As discussed by Naqvi et al. [1992] , the observed N20 gradients at the eastern margin sediments could also result from advective processes, indicating an overestimation of the N20 sink in the sediments. Moreover, our estimate of the N20 emissions to the atmosphere might be too low since recent N20 measurements in the upwelling region off southwestern India during the SW monsoon showed extremely high N20 concentrations ], which may lead to an upward revision of the current N20 emission estimates.
Conclusions
A compilation of sources and sinks of N20 in the Arabian Sea suggested that the N20 budget is reasonably balanced. In view of our results, we propose a rough scheme of N20 production and consumption pathways in the Arabian Sea. Our scheme consists of four compartments that could explain the characteristic double-peak structure of N20 in the Arabian Sea:
Compartment 1, 0-150 m: N20 is mainly produced by nitrification as indicated by the AN20-AOU relationships (Table 2) . However, isotope data measured by Naqvi et al. [1998] revealed that nitrification may not be the only source. N20 may also be produced via coupling of nitrification and denitrification associated with the steep 02 gradient at the top of the OMZ, forming the sharp N20 peak at about 150 m ].
Compartment 2, 150-1000 m: N20 consumption occurs at 300-500 m (i.e., the denitrifying core of the OMZ) of the central Arabian Sea. At the lower boundary of the OMZ at about 800-1000 m, N20 seems to be mainly produced by denitrification when the 02 concentrations are increasing again ]. ]. This implies that N20 produced at the bottom of the OMZ is also mixed down by cross-isopycnal mixing, forming the broad second N20 peak. AN20-AOU relationships (excluding data affected by denitrification) are reasonably valid from 0-2000 m (Table 2 ) Thus we can conclude that nitrification contributes significantly to the N20 production throughout the water column; however, the N20 produced by denitrification results in less clear AN20-AOU relationshipsø Compartment 4, below 2000 m: No statistically significant AN20-AOU relationship was found. N20 produced by nitrification may be reduced subsequently by denitrification [Kim and Craig, 1990] . This scheme may also be valid for the western Arabian Sea; however, owing to the seasonal variability of the complex hydrographic situation (e.g., coastal upwelling, inflow of marginal sea water), the N20 double-peak structure is not wellestablished. Furthermore, we have some indication that N20 at 600-800 m near the shelf break in the western Arabian Sea is formed via a different process such as oxidation of organic matter by reduction of IO3-to I-, indicating that the biogeochemical cycling of N20 in the central and western Arabian Sea during the SW Monsoon is more complex than previously thought.
